This work reports on the novel Heusler superconductor ZrNi 2 Ga. Compared to other nickelbased superconductors with Heusler structure, ZrNi 2 Ga exhibits a relatively high superconducting transition temperature of T c = 2.9 K and an upper critical field of µ 0 H c2 = 1.5 T. Electronic structure calculations show that this relatively high T c is caused by a van Hove singularity, which leads to an enhanced density of states at the Fermi energy N (ǫ F ). The van Hove singularity originates from a higher order valence instability at the L-point in the electronic structure. The enhanced N (ǫ F ) was confirmed by specific heat and susceptibility measurements. Although many Heusler compounds are ferromagnetic, our measurements of ZrNi 2 Ga indicate a paramagnetic state above T c and could not reveal any traces of magnetic order down to temperatures of at least 0.35 K. We investigated in detail the superconducting state with specific heat, magnetization, and resistivity measurements. The resulting data show the typical behavior of a conventional, weakly coupled BCS (s-wave) superconductor.
I. INTRODUCTION
In the research area of spintronics applications, Heusler compounds have become of interest as half-metals, where due to the exchange splitting of the d-electron states, only electrons of one spin direction have a finite density of states at the Fermi level N(ǫ F ) 1,2 .
Up to the present, very few Heusler superconductors with the ideal formula of AB 2 points in the energy dispersion curves of the electronic structure. They lead to maxima in the DOS, so-called van Hove singularities 10 . In order to identify such compounds, we have performed electronic structure calculations using ab initio methods. In a simple approach following the Bardeen-Cooper-Schrieffer theory (BCS) and neglecting any magnetic order, we would expect that the superconducting transition temperature of such compounds increases 
II. EXPERIMENTAL DETAILS
Polycrystalline ingots of ZrNi 2 Ga and electron-doped alloys Zr 1−x Nb x Ni 2 Ga were prepared by repeated arc melting of stoichiometric mixtures of the corresponding elements in an argon atmosphere at a pressure of 10 −4 mbar. Care was taken to avoid oxygen contamination. The samples were annealed afterward for 2 weeks at 1073 K in an evacuated quartz tube. After the annealing process, the samples were quenched in a mixture of ice and water to retain the desired L2 1 structure. The crystal structure of ZrNi 2 Ga was investigated using powder X-ray diffraction (XRD). The measurements were carried out using a Siemens D5000
with monochromatized Cu K α radiation.
The electrical resistance of a bar shaped sample was measured using a four-point probe technique. The magnetization measurements below a temperature of 4 K were performed in a superconducting quantum interference device (SQUID, Quantum Design MPMS-XL-5). For higher temperatures, the magnetization was measured using a vibrating sample magnetometer (VSM option of a Quantum Design PPMS). The measured samples had a spherical shape with a mass of approximately 20 mg to 120 mg. In order to study the diamagnetic shielding, the sample was initially cooled down to T = 1.8 K without applying any magnetic field, i.e., zero-field cooled (ZFC). Then a field of µ 0 H = 2.5 mT was applied, and the sample magnetization was recorded with increasing temperature. To determine the Meissner effect (flux expulsion) the sample was subsequently cooled and its magnetization measured in the identical field, i.e., field cooled (FC). The field dependent magnetization of ZrNi 2 Ga was measured at a temperature of 2 K. Finally, the normal-state susceptibility was measured at µ 0 H = 2 T in a temperature range from 1.8 K to 300 K. Specific-heat measurements were carried out at 0.35 K < T < 4 K in magnetic fields of up to 5 T in a Quantum Design PPMS with a 3 He option.
III. AB INITIO CALCULATIONS OF THE ELECTRONIC AND VIBRATIONAL

PROPERTIES.
The electronic and vibrational properties were calculated through the use of A volume optimization resulted in a opt = 6.14Åand a bulk modulus of B = 156 GP a for the relaxed structure. This value is slightly larger than the experimentally observed lattice parameter a exp (see below). The results presented in the following are for the relaxed lattice parameter, no noticeable changes are observed in the calculations using a exp . ) for Ga atoms, and 8c (
for Ni atoms. Figure 3 shows the diffraction pattern for ZrNi 2 Ga with the raw data above (black) and the difference between a calculated Rietveld-refinement and the raw data below (grey). Within the experimental resolution of the diffractometer, no secondary phases were observed. The Rietveld refinement results in a cubic lattice parameter of a = 6.098±0.003Å.
The as-cast samples of ZrNi 2 Ga were indistinguishable from the annealed ones in their XRD patterns, but magnetic, transport, and specific-heat measurements suggested an improved quality of the annealed samples. This improved quality of the annealed crystals was con-firmed by resistivity measurements yielding a residual resistivity ratio of two, which is typical for polycrystalline Heusler compounds. The specific-heat and magnetization measurements reveal sharp superconducting transitions of ∆T c /T c ≤ 0.03. At low temperature, however, the measurements indicate small sample inhomogeneities or impurities.
B. Properties of the superconducting state
The superconducting transition of ZrNi 2 Ga was observed in measurements of the electrical resistance. Figure 4 displays the temperature dependence of the resistance, which exhibits metallic behavior and a transition to superconductivity at T c = 2.87 ± 0.03 K.
Magnetization measurements using SQUID magnetometry were carried out to confirm bulk superconductivity in ZrNi 2 Ga. The results of the magnetization measurements are given in Figure 5 This is a well known phenomenon: the resistive transition occurs when one percolation path through the sample becomes superconducting whereas the magnetic transition requires a certain superconducting volume. The ZFC curve demonstrates complete diamagnetic shielding.
For the calculation of the magnetic volume susceptibility, we used the demagnetization fac-
of a sphere. The deviation from the expected value of -1 (100% shielding) is ascribed to an imperfect spherical shape of the sample and therefore an underestimated demagnetization factor. The FC curve represents the Meissner effect for superconducting ZrNi 2 Ga.
The large difference between the ZFC and the FC curves shows clearly that ZrNi 2 Ga is a type-II superconductor and points to a weak Meissner effect due to strong flux pinning. In a more detailed analysis we compared C e at zero field with the calculated behavior of a BCS superconductor by using the approach of Padamsee et al. 23 and the temperature dependence of the gap ∆(T ) of Mühlschlegel 24 . In this model, C e is estimated for a system of independent fermion quasiparticles with
The only free parameter, the ratio 2∆(0)/k B T c , was set to 3.53. Indeed, the specific heat can overall be rather well described by the weak-coupling BCS theory, as can be seen in Figure 6 .
To study the influence of the magnetic field we plot C e /T at a constant temperature of 0.5 K vs. the H/H c2 in the inset of Figure 7 . The linear increase of C e /T with H corresponds to an isotropic gap, as expected for a cubic BCS superconductor.
Further R(T ) measurements in various magnetic fields were performed to determine the upper critical field H c2 of ZrNi 2 Ga. In Figure 8 the data are summarized together with those of the specific-heat measurements. H c2 (T ) was theoretically derived by Wertheimer, Helfland, and Hohenberg (WHH) 25 in the limit of short electronic mean free path (dirty limit), including, apart from the usual orbital pair breaking, the effects of Pauli spin paramagnetism and spin-orbit scattering. The model has two adjustable parameters: the Maki parameter α, which represents the limitation of H c2 by the Pauli paramagnetism, and the spin-orbit scattering constant λ so . α can be determined from the initial slope of the upper critical field
or via the Sommerfeld coefficient γ n and the residual resistivity ρ 0 with:
where m and e are the free electron mass and charge, respectively. From the data we extract µ 0 dH c2 /dT | T =Tc = −0.75 T/K and α = 0.4. With λ so → ∞, the curve estimated by the WHH model follows the data points very closely, as is seen in Figure 8 . As the spin-orbit scattering counteracts the effect of the Pauli paramagnetism, this is equal to α = 0 and λ so = 0, representing the upper bound of H c2 where pair breaking is only induced by orbital fields. Consequently, the temperature dependence of H c2 can either be explained by Pauli paramagnetism with an extremely strong spin-orbit scattering or with a dominating orbital field effect. The critical field due to the Pauli term alone is
.24 T, which is much higher than H c2 in the absence of Pauli paramagnetism µ 0 H * c2 (0) = −0.69 · µ 0 dH c2 /dT | T =Tc = 1.48 T. Hence pair breaking in ZrNi 2 Ga is most probably only caused by orbital fields 26 . This is in contrast to other Ni-based Heusler superconductors like Ni 2 NbGa and Ni 2 NbSn where H * c2 (0) is clearly larger than the measured critical fields and therefore the Pauli paramagnetic effect has to be considered (see Table I ).
The thermodynamic critical field was calculated from the difference between the free energy of the superconducting and the normal states:
. A value of µ 0 H c = 44.6 mT is obtained. From the upper and thermodynamic critical field one can estimate the Ginzburg-Landau parameter κ GL , which is the ratio of the spatial variation length of the local magnetic field λ GL and the coherence length ξ GL : Obviously, ZrNi 2 Ga is a conventional, weakly coupled, fully gapped type-II superconductor that is best described in terms of weak-coupling BCS superconductivity. If a phonon mediated pairing mechanism is assumed, we can determine the dimensionless electron-phonon coupling constant λ by using the McMillan relation 27 :
.
If the Coulomb coupling constant µ *
c is set to its usual value of 0.13 and Θ D to our measured value of 300 K we get λ = 0.551, which is in good accordance with other superconducting Heusler compounds 7 .
C. Normal state properties
Now we turn to a characterization of the normal state properties. When superconductivity is suppressed in a magnetic field of H > H c2 , the Sommerfeld coefficient γ n and the Debye temperature Θ D can be extracted from the low-temperature behavior of the specific heat, C = γ n T + Table I ).
Likewise in accordance to our electronic structure calculations, the high density of states leads to a strongly enhanced Sommerfeld coefficient of
In fact, γ n is one of the highest values for paramagnetic Ni-based Heusler compounds (see Table I ). As already stated by Boff et al. 28 , the maximum of γ n in the isoelectronic sequence A = Ti, Zr, Hf of ANi 2 C (C = Al, Sn) is found for Zr and in the sequence A = V, Nb, Ta for V. As the electronic structure of all these compounds is quite similar, and consequently a rigid-band model may be applicable, the Fermi level can be shifted through the appropriate choice of A to a maximum of N(ǫ F ) 28, 29, 30 . This behavior and the comparatively large γ n of ZrNi 2 Ga confirm the van Hove scenario.
The measured magnetic susceptibility χ(T ) as shown in Figure 9 Finally, we want to discuss the influence of the increased DOS on the superconducting properties of ZrNi 2 Ga. Although ZrNi 2 Ga exhibits an enhanced γ n compared to the value 5.15 mJ/mol K 2 of NbNi 2 Sn, both compounds have nearly the same transition temperature.
Obviously, the simple relationship between N(ǫ F ) and T c does not hold. Table I demonstrates, likewise, that the upper critical field H c2 and the orbital limit H * c2 apparently do not depend on the density of states in these materials.
V. ELECTRON DOPING
The influence of the increased DOS on the superconducting properties is investigated from another point of view, which refers only to ZrNi 2 Ga and the van Hove singularity in this compound: the Fermi level can be shifted with an appropriate choice of A, and the van Hove scenario yields a maximum T c when the van Hove singularity coincides with ǫ F .
According to the electronic structure calculations, electron-doping of ZrNi 2 Ga should lead to this desired conicidence. Therefore, we doped ZrNi 2 Ga with electrons in the A position by substituting Zr with distinct amounts of Nb. The alloys Zr 1−x Nb x Ni 2 Ga with x = 0.15, 0.3, 0.5, and 0.7 were prepared according to Section II.
The crystal structures of the alloys were determined using a Siemens D8 Advance diffractometer with Mo K α radiation. All alloys were found to crystallize in the Heusler structure The superconducting transitions of the alloys were analyzed in magnetization measurements using a SQUID as described in Section II. Figure 11 shows the ZFC curves of the alloys Table II . It is therefore deduced that the Nb atoms act as additional scattering centres that suppress the bulk superconductivity of ZrNi 2 Ga.
VI. CONCLUSIONS
Starting with electronic structure calculations, the Heusler compound ZrNi 2 Ga was predicted to have an enhanced density of states at the Fermi energy N(ǫ F ) due to a van Hove singularity close to ǫ F . According to the BCS model, ZrNi 2 Ga was therefore expected to be an appropriate candidate for superconductivity with a comparatively high superconducting transition temperature.
The predicted superconducting transition was found at T c = 2.87 K. Specific-heat and magnetization measurements proved bulk superconductivity in this material and demon-strate that ZrNi 2 Ga is a conventional, weakly coupled BCS type-II superconductor. The electronic specific heat of the normal state shows a clearly enhanced Sommerfeld coefficient γ n , which supports the van Hove scenario. In the temperature range 0.35 K < T < 300 K, no sign of magnetic order is found. Apparently, the high N(ǫ F ) is not sufficient to satisfy the Stoner criterion. The normal-state susceptibility is described best by an increased Pauli paramagnetism, corresponding to an enhanced N(ǫ F ). Despite the presence of magnetic impurities, which would suppress the energy gap by pair breaking, the BCS law of corresponding states holds. This point deserves further investigations. conditions. The measurements were performed with magnetic fields of µ 0 H = 2.5 mT, respectively.
